In this study, Central Appalachian coal-derived fly ashes from two power plants were beneficiated in a pilot-scale facility in order to produce a product with a relatively consistent concentration of rare earth elements (REE). The <200-mesh final fly ash product was produced by removing the carbon-and Fe-rich particles prior to screening at 200 mesh (75 µm). The Plant D fly ash had high concentrations of CaO and SO3, which were diminished through the two months when the ash was being beneficiated, representing a consequence of the heat, humidity, and excessive rainfall in the Kentucky summer. The high CaO and SO3 concentrations through the early runs likely contributed to the lower REE in the <200-mesh products of those runs. Of the non-REE minor elements, Ba, V, Mn, Zn, and As showed the greatest between-run variations within the runs for each plant. The overall REE concentrations proved to be similar, both on a between-run basis for the individual fly ash sources and on a between-plant basis. Variations in fly ash quality will occur in larger-scale operations, so on-going attention to the fly ash quality and the response of the fly ash to beneficiation is necessary. Changes in the Plant D fly ash with time imply that both the freshness of the original ash and the length and conditions of its storage at the site of beneficiation could be factors in the quality and consistency of the processed fly ash.
Introduction
Rare earth elements (REE: collectively, lanthanides, Y, and Sc, after usage by Connelly et al. [1] ) are crucial for the production of electronics, magnets, catalysts, metal alloys, optics, and other items needed in modern society [2] [3] [4] [5] [6] [7] . The separation of REE from coal combustion products, particularly fly ash, holds potential as a viable source of this valuable class of elements [8] . As refractory, nonvolatile elements, REEs are relatively enriched in fly ash owing to the combustion of most of the diluent coal [9, 10] . Therefore, coal-combustion fly ash is considered to be a potential source of REE and other valuable elements [11, 12] . In some studies, lanthanide has only been divided into light rare earth elements (LREE; La to Sm) and heavy rare earth elements (HREE; Eu to Lu), with Y sometimes included among the HREE [13] . Note that the division between LREE and HREE may vary between authors, so it is always prudent to closely examine individual explanations of the ratios. The LREE/HREE ratio [13, 14] (HREE/LREE is used in some cases); LREY (La through Sm), MREY (Eu through Dy plus Y), and HREY (Ho through Lu); and critical (Nd, Eu, Tb, Dy, Y, and Er), uncritical (La, Pr, Sm, and Gd), and excessive (Ce, Ho, Tm, Yb, and Lu) groups [12, 15] , are other criteria used to evaluate the commercial potential of elements. For critical, uncritical, and excessive groups, the divisions are somewhat subjective and are dependent upon current needs and reserves.
The major minerals in coal generally undergo transformations on the path to the molten phase and on the cooling path to fly ash. Clays melt and then form an amorphous glass; quartz undergoes phase transformation to the high-T form, β-cristobalite (cristobalite can also crystallize from the Al-Si-rich melt), and pyrite oxidizes, with the Fe ending up in Fe-oxides [16] [17] [18] [19] .
The association of REE in fly ash has been debated. While large (10′s of microns) REE-phosphates (including monazite), REE-carbonates, and zircons have been observed in coal, most of the minerals in coal-derived fly ash are much finer and, in general, the optical microscope-observable minerals cannot fully account for the REE concentrations in many fly ashes. The melting temperatures of monazite and zircon are well above boiler temperatures (>1400 °C), so melting would not seem likely. Monazite, at least, will shatter at boiler temperatures, perhaps due to expansion of the He trapped in the crustal lattice following its production from the radioactive decay of Th, one of the common elements in monazite [20] . The fine monazite and other minerals are entrained in glass in the fly ash [20] [21] [22] [23] . REEs are also associated with nano-scale carbons surrounding the fly ash glass and spinels [20, 24] .
In Phase I of this study [21] , several ashes (four pulverized coal combustion (PCC) ashes and one fluidized bed combustion (FBC) ash) were beneficiated on a bench-scale array involving froth flotation of the carbons, magnetic separation of the Fe-spinels (magnetite), and screening to produce a <200-mesh (<75-µm) Al-Si-rich ash product. Additional testing was conducted on the ponded ash from one of the PCC plants, which was a retired 1950′s-vintage, four-unit plant. In that case, a composite sample from 20 individual sampling points was subjected to a more thorough analysis (particle sizing, elemental analysis, chemical and mineralogical composition, optical petrography, x-ray diffraction (XRD), and high-resolution transmission electron microscopy (HRTEM)) than was done for the other ashes. The ponded ash was being excavated and relocated at the time of our sampling, with the new location being a landfill on another property of the same company.
For the current study, the original plan was to use that same ponded ash (albeit from the landfill). Following a consideration of the logistics in recovering ash from a covered landfill, it was determined that the ash would be acquired from a stockpile of never-ponded ash at the retired power plant (see Section 2. Methods) and from the fly ash produced by a 100-MW unit at another power plant. In the end, the two ashes were beneficiated in order to produce 12-13 tons of ash for the pilot-scale chemical processing.
Materials and Methods
Fly ash was obtained from Plants D (ca. 6 tons) and I (ca. 12 tons) (letters assigned from earlier CAER studies [25, 26] ) in June 2018 and August 2018, respectively. The second ash was acquired when the supply of first ash was exhausted; they were not co-mingled in processing. In both cases, the fly ash was the product of the combustion of Pennsylvanian-age eastern Kentucky coal; in general, the coal coming from a number of mines in Perry and Clay counties (based on communications with Hower by utility personnel).
The ashes were stored outdoors at the Center for Applied Energy Research facility (north of Lexington, Kentucky) on a tarp, surrounded by a silt fence, and covered when not in use ( Figure 1 ). Lexington experienced its wettest year on record in 2018, receiving 183 cm of rain compared to an average of 117 cm, with early 2019 also having above-normal precipitation, so, despite efforts to keep the ash dry, the feed ash was at least damp at the beginning of the process.
Based on the information gathered in the Phase I investigation [21] and from test samples of the ashes processed here (Table 1 shows examples of the raw data), a beneficiation flowsheet was designed to optimize the production of a fine (<200 mesh; <75 µm) Al-Si fly ash with a minimum of carbon and magnetics. For the processing, the ash was transferred from the pile to a feed bin, with a conveyor leading to a 500-gallon (1893-L) agitated slurry tank (the general scheme is shown in Figure  2 ). About 400 lbs. (181 kg) of ash was used for each run. The slurry was screened at 16 mesh (1 mm) in order to remove any coarse particles. The underflow from the screen was passed to the froth flotation cells. The froth flotation circuit consisted of two agitated flotation cells (30 L each) arranged in series with an adjustable weir at the discharge of each cell, such that the retention time for the circuit could be controlled by adjusting each weir. A fuel-oil-based collector was added to selectively adsorb onto carbon particles to induce hydrophobicity. The dosage of collector depended on the amount of carbon present (the C was determined in the analysis of a test fraction of the bulk sample). Air bubbles were generated by air drawn through the hollow shaft of each agitator, with glycol frothing agent added to facilitate bubble generation, such that a sufficient bubble surface area could be generated for the attachment of hydrophobic carbon particles. Once bubbles transported carbon particles to the cell surface, a stable froth was formed and removed by mechanical scrapers. Flotation tailings then flowed across a drum magnetic separator (for the Plant I ash) to collect spherical magnetic particles. The remaining low-C, low-magnetics slurry was then separated into coarse (+200 mesh or +75 µm) and fine (−200 mesh or −75µm) particles using a vibratory screen. The −200 mesh slurry was pumped to tanks which served as thickeners, whereby particles settled and clarified water was decanted. Clarified water from thickening was recirculated to the feed tank and make-up water was added to maintain the desired slurry pulp density. Once the desired amount of feed was processed (typically 300 to 400 kg), the thickened solids (typically 60-70% solids) were transferred to shallow bins and allowed to air dry to produce the final fine product (∽20% moisture) and stockpiled for use as feedstock for chemical processing for REE recovery. Splits of the dried product and of selected intermediate streams (carbons, magnetics, <200-mesh ash, etc.) were retained. The samples of the individual <200-mesh products were submitted for chemical analyses. The bulk of the <200-mesh product was placed in one-ton bags ( Figure 3 ) and ultimately shipped to Winner Water Services (Sharon, PA) for the chemical extraction of REE from the processed ash (not described further here). The two ashes were not co-mingled in processing and the one-ton bags each contained the processed ash from just one of the sources.
Moisture, ash, and carbon analyses (the latter from the ultimate analysis) were conducted at the University of Kentucky Center for Applied Energy Research (CAER), following the appropriate ASTM standards. Major oxide and minor element concentrations (V through Pb in Table 2 and in  supplementary Table S1 ) were quantified on a Rigaku ZSX Primus IV X-ray fluorescence unit at the CAER. Particle size analysis was conducted on a Cilas 1090 Laser Particle Size Analyzer (France) at the CAER using the liquid-dispersion mode. The instrument has a measurement range of 0.04-500 µm.
The REE + Y + Sc (REYSc) were extracted from the fly ash samples by heated digestion with a 1:1 HF:HNO3 acid mixture, followed by analysis by inductively coupled plasma atomic emission spectroscopy (ICP-OES) at the CAER.
The use of ICP-AES (also known as ICP-OES for optical emission spectroscopy) versus ICP-MS (inductively coupled plasma mass spectroscopy) has been discussed by Ardini et al. [27] and Medvedev at al. [28] , among others, with generally favorable results. For this study, a digested fly ash sample from each of the power plants was analyzed by ICP-OES by Physical Sciences Inc. personnel using an Agilent 5110 instrument. ICP-MS of the exact same samples was performed as a contract service by the University of Massachusetts Lowell Core Research Facility, using an Agilent 7900 ICP-MS. Both instruments were calibrated externally using standard solutions purchased from Sigma Aldrich. For some elements (La, Ce, Sm, and Y in Plant D; Sm and Pr in Plant I), ICP-MS produces higher numbers than ICP-OES. In general, the comparisons between the two methods were favorable, although we note that neither the odd-number heavy REE nor Yb are reported in this comparison (Figure 4 ). 
Results

Multiple Fly Ash Products
The two feed samples differ not only in the power plant location, but in their source within the plant. The Plant D ash was in an area above the boiler, while the Plant I ash was from a bunker intermediate between the electrostatic precipitator hoppers and the ash landfill. The Plant D feed ash was notably coarser, with more of the ash being rejected by the 1-mm screen ahead of the beneficiation. The relative coarseness is no longer observable in the particle size distribution of the product ash, with the processed Plant I ash being coarser than the Plant D ash ( Figure 5 ). With a consideration of the yield, loss-on-ignition (LOI), REE (concentration in ppm), and REE recovery (% of the feed ash REE content) for one run from the processing of ash from individual plants, the Plant D recovery is greater than the Plant I recovery owing to the lower amount of carbon and magnetics in the feed ash (Table 1 ). As an example of the detailed chemistry of the fly ash fractions, the results from run 42 (Plant I) are shown in Table 2 . Some trends are expected: the highest Fe is in the magnetic fraction, the highest C is in the froth flotation concentrate, and the highest Si and Al are in the <200-and >200-mesh fractions. By design, the highest REE (REYSc in the table) is in the <200-mesh fraction. Less anticipated is the high Pr, Gd, and Tb in the magnetics fraction, also the lowest REE concentrate. The Gd concentration in the magnetic fraction is 17.30% of the total lanthanides compared to an average of 5.17% in the Plant I <200-mesh product samples. The Pr, Gd, and Tb enrichment is even more apparent in the spider plot of the Upper Continental Crust-corrected REE concentrations ( Figure 6 for La through Dy; correction factors after McLennan and Taylor [29] ); the magnetic fraction stands out in having a notably different pattern than the other fractions. The high Gd, in particular, was observed in other magnetic fractions in this study and in the Phase I screening (Hower et al. [21] ; the Gd enrichment in the magnetic fraction was not specifically mentioned in that paper, but the data is shown in their Table 8 ). 
Individual Runs
The chemical analyses of the final, <200-mesh product from 15 runs of the Plant D fly ash and 25 runs of the Plant I fly ash, each representing about 180 kg of raw fly ash, are shown in Table S1 . Consecutive run numbers imply that the runs were close in time, and sometimes on the same day.
The most obvious difference between the two plants is the abundance of CaO and SO3 (as gypsum) in the Plant D fly ash ( Figure 7 ; Table S1 ). The Plant D ash was retrieved from a bunker above the boiler, so it had been exposed to a prolonged warm environment. It was inside the plant, protected from rain, but not from humidity. The source of the CaO and SO3 would have been from the gases associated with coal combustion, although the coal sources are not known as being enriched in CaO and the coals typically burned at both plants fall in the 1-2% S range. The loss of gypsum, contributing to the decline in the CaO and SO3 over the two months of processing, can be attributed to the heat, humidity, and, in particular, excessive rainfall of the Kentucky summer. While every attempt was made to keep the ash pile covered, exposure of the ash when the run's ash supply was being transferred from the pile to the tank was unavoidable. The combination of humidity and rain served to leach CaO and SO3 from the ash. In contrast, the Plant I fly ash shows little variation in CaO and SO3. Overall, the CaO and SO3, and to a lesser extent, the C, dilute the concentration of REYSc in the product. Table 3 .
Among the non-REE minor elements analyzed (Table S1) , within each plant, all of the elements show little between-run variation. Only Ba, V, Mn, Zn, and As show >1.3-times variation between the average compositions within each plant.
The REE are quite similar, both between the runs and between the averages for the two plants (Table S1 ). The highest-concentration elements (Sc, Y, La, Ce, and Nd), in particular, show remarkable similarity, in spite of the different concentrations and behavior of CaO and SO3 between the plants. The spider plots of the Upper Continental Crust-corrected REE concentrations of all the individual runs from Plants D and I are shown in Figure 8a ,b, respectively. The variation in some elements is driven by low or non-detectable concentrations (Eu; plus non-detectable Pr concentrations, unusual for an element generally in the 9-21-ppm range). As with Figure 6 , Ho through Lu were not plotted due to uncertainty in the odd-number REEs. The apparent extreme swings in the Tb concentration, particularly for Plant I (Figure 8b) , are a reflection of an uncorrected range of 1-5 ppm, implying low concentrations with a relatively high variation. 
Analysis of Variance
An analysis of variance (AOV) experimental design (Figure 9 ) was followed for the statistical evaluation of five parameters ( Table 3 ). The AOV was a one-way/two-level design, with the levels being the two plants; then, by three sets of five consecutive runs (for this purpose, each set is considered to be a composite of those five runs); and followed by five individual runs in each "composite", treated as replicates of the composite samples. Some of the significant variations (Table  4 ) in the plant and composite levels for CaO and SO3 and the plant level for carbon are obvious from an examination of Tables 3 and 4 . The composite-level variation in the REE is more subtle. While the plant averages (for the 15 samples per plant in the AOV analysis) are similar, with values of 530 vs. 515 ppm, the five-run composites vary much more; up to 480 ppm for one Plant D composite, to over 550 ppm for the other two composites in that group. 
Discussion
Overall, the variation in REE seen in the variation between the individual runs ( Table 2 ) smooths out at larger scales; the REE averages for the two plants are virtually the same (510 vs. 514 ppm), with similar standard deviations (45 vs. 43 ppm, respectively) ( Table 2 plant averages). Certainly, some of the similarity between the plants was fortuitous, if not planned, as our selection of plants was driven by the knowledge that Central Appalachian-derived coals have higher REE contents than other sources, such as Illinois Basin-derived ash, available in Kentucky power plants.
Full-scale beneficiation and subsequent chemical processing would operate at a larger scale than seen with the individual runs. This does not discount variation in the overall ash supply with time. The coal supply changes over time, sometimes subtly and sometimes more dramatically. Beneficiation smooths out some of the variation, just as it did in this investigation, but it cannot economically create a high-REE feed out of an ash with a low REE concentration and it would be limited if the raw ash had greater percentages of rejects (meaning >1-mm feed ash, carbon, and magnetics, and >200-mesh post-flotation/post-magnetic separation ash). Therefore, the design of the total process would be an on-going procedure, with subsequent impacts on the beneficiation output and on the rate of production of REE concentrates.
The variation in other parameters between the plants and over time within a single ash source is greater, as demonstrated by the CaO and SO3 variation within the Plant D runs and between Plant D and Plant I. If such major oxides prove to impact chemical processing, the variation will need to be further smoothed out, if not eliminated entirely, by avoiding the problem supplier. The betweenplant variation in carbon is another factor in processing; the variations among coal sources, grinder designs, and boiler configurations all contribute to varying amounts, sizes, and properties of fly ash carbon. Despite the flotation step in beneficiation, not all of the carbon can be efficiently diverted from the <200-mesh product.
The freshness and storage conditions of the ash can impact its overall quality, not just the REE content of the product. As seen in the chemistry of ashes, the CaO and SO3 of the Plant D ash changed over the course of the short time (less than 2 months) that it was being processed (Figure 7 ; Table 2 ). The original ash quality was a function of the storage of this ash at the plant and the change over time was likely a function of the weathering of the ash at the CAER. Only at the end of the supply of this fly ash did it approach a relatively constant composition of Plant I fly ash product. The high CaO and SO3 due to the addition of minerals not related directly to the production of fly ash and the consequent dilution of elements in the remainder of the ash may have been a factor in the lowered REE among the products from the first five runs of the Plant D ash versus the products from runs 11 to 20, presenting an average of 480 versus 554 ppm (Table 3) .
Conclusions
Fly ashes from two power plants, both burning blends of Central Appalachian coals, were beneficiated in order to produce a product with a relatively consistent concentration of REE. The feed for the process was screened to eliminate +1-mm particles and the ashes were further processed to remove the carbon-and Fe-rich particles prior to screening at 200 mesh, with the <200-mesh fly ash being the final product. Each pilot-scale run processed about 180 kg of fly ash. While the beneficiation designs were specific to the fly ashes procured for this study, in large-scale processing, the ash quality may vary through the life of the operation. Just as in coal or mineral processing, the beneficiation design would be subject to change as the ash quality changes. Plant D, with fly ash stored within the then-retired plant, had high concentrations of CaO and SO3. The original concentration, at least of the SO3, may have been from exposure to flue gas. The CaO and SO3 concentrations diminished through the two months when the ash was being beneficiated, which was a consequence of the heat, humidity, and excessive rainfall in the Kentucky summer. The ash pile was covered and, hence, somewhat protected from the rain, but some exposure was unavoidable. The high CaO and SO3 concentrations through the early runs likely contributed to the lower REE in the products of the same runs. The original Plant D ash quality and its change through storage implies that both the freshness of the original ash and the length and conditions of its storage at the site of beneficiation could be factors in the quality and consistency of processed fly ash. In contrast to Plant D, Plant I showed little variation in CaO and SO3.
Of the non-REE minor elements, Ba, V, Mn, Zn, and As showed the greatest between-run variations within the runs for each plant. The REE concentrations were similar, both between the runs for each fly ash source and in the average REE concentrations of the two sources.
While the overall goal in fly ash processing is to produce, as best as possible, a uniform feedstock for downstream processing, no two fly ashes will behave exactly the same in beneficiation. Each beneficiation flowsheet is designed for the specific ash and unit operations can be added or deleted, depending on the nature of the ash. The general principles of ash beneficiation outlined here will translate into the processing of other ashes, at least to other Appalachian-coal-derived and similar fly ashes, but the exact scheme must be individually designed based on a consideration of the properties of each ash.
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